Abdominal obesity: a marker of ectopic fat accumulation
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Adipose tissue distribution and metabolic complications of obesity
As a medical student interested in science, I was fortunate to meet the late Per Björn-torp in Sweden, who was at the time an established scientist in the field of obesity research. Along with Per Björntorp, Jules Hirsch and Lester Salans at The Rockefeller University were some of the early and influential investigators who were interested in adipose tissue growth and expansion and how these processes relate to the metabolic complications of obesity. They established techniques to measure adipose cell size from local tissue biopsies and combined these measurements with total body fat to estimate adipose cell numbers in obese and nonobese individuals (1, 2) . Studies that used these techniques generated much information about adipose tissue expansion in men and women. Nevertheless, access to adipose tissue was limited at that time to the subcutaneous fat, making these estimates less robust. The Hirsch and Salans group and the Björntorp group also provided early evidence that adipose cells from obese individuals were insulin resistant and suggested that obesityassociated insulin resistance could be a consequence of adipose cell expansion (3) .
When I became interested in adipose tissue and its metabolism, Per Björntorp and his students had already established the basic techniques and provided me with a fairly easy ride into this novel area of research. As a physician, I had the opportunity to meet patients with different diseases, including common diabetes and lipodystrophic diabetes. One interesting group of patients had the diagnosis of Werner syndrome, which is a rare disorder characterized by premature aging and partial lipodystrophy (4) . Individuals with Werner syndrome frequently develop diabetes, and I had the opportunity to phenotype some of these patients and take local biopsies of the subcutaneous adipose tissue. At that time, Mario DiGirolamo, from Emory University, was on a sabbatical in Sweden and was also involved in these studies. Much to our surprise, we found that the adipose cells in the small amount of abdominal adipose tissue in these patients were the largest we had ever seen in our studies of healthy and obese diabetic individuals (5) . Lipolysis in these abnormally large adipose cells was markedly elevated, and, in fact, at the time we suggested that "… a regional abdominal adiposity...may promote the metabolic events and alterations that are typically observed in generalized forms of obesity" (5) . Little did we know how right this hypothesis would turn out to be, albeit in a different way than we imagined! The concept that abdominal obesity is a particular characteristic of metabolic risk and diabetes had already been suggested in 1953 by Jean Vague in a French journal (6); however, this work was not recognized by non-francophone scientists until much later. Vague noted that android obesity was more commonly associated with diabetes and metabolic aberrations than the gynoid (female) type of obesity (6) . The possibility that obesity type is indicative of metabolic risk later became a more generally recognized concept, due at least in part to the fact that different forms of obesity are fairly easy to recognize visually!
A collaborative effort
During the early 1980s, Per Björntorp's former trainees collectively characterized and treated many obese individuals. The major drivers of this research were Marcin Krotkiewski and Lars Sjöström. In our joint discussions, we decided to pool all results of the measurements in obese individuals and determine whether those with abdominal obesity exhibited greater differences in metabolic risk profile than individuals with peripheral/lower-body obesity with the same amount of total body fat. This collaborative effort was the beginning of the work that we published in the JCI in 1983 (7). While our work characterizing 930 men and women was under way, the late Ahmed Kissebah and his group in Wisconsin published a paper in 1982 that demonstrated a relationship between obesity type and metabolic complications in a study of 34 women (8) . At the time the Kissebah paper was published, we had mostly completed our analyses and tried to rapidly put the data together in the paper In the early 1980s, we analyzed the metabolic profile of 930 men and women and concluded that an abdominal distribution of fat for a given BMI is associated with increased insulin resistance and risk of developing type 2 diabetes and cardiovascular disease. The correlation between abdominal fat and metabolic dysfunction has since been validated in many studies, and waist circumference is now a criterion for the diagnosis of metabolic syndrome. Several mechanisms for this relationship have been postulated; however, we now know that visceral fat is only one of many ectopic fat depots used when the subcutaneous adipose tissue cannot accommodate excess fat because of its limited expandability. 
Conclusions and future directions
There is likely a genetic component that determines the ability to accommodate excess fat in the SAT, and if this capacity is exceeded, the resulting compound effects of the expanded SAT are an increase in ectopic intra-abdominal/visceral fat accumulation caused by dysfunctional and hypertrophic SAT and a subsequent increase in waist circumference. Future work should focus on understanding genetic and other factors that regulate SAT adipogenesis and how subcutaneous adipocyte generation could be improved to accommodate excess fat and prevent ectopic fat accumulation. Interestingly, known genetic risk factors for insulin resistance and T2D have been identified in individuals with a lower body weight but characterized by increased markers of ectopic fat accumulation (19) . The prevention of ectopic fat accumulation and its diverse consequences, including nonalcoholic fatty liver disease (NAFLD), nonalcoholic steatohepatitis (NASH), cirrhosis of the liver, T2D, and CVD, is a major challenge, but one of great importance for public health.
sis and changed views on the metabolic importance of visceral/intra-abdominal fat itself. For instance, the excellent work by Michael Jensen at the Mayo Clinic has shown that compared with subcutaneous fat, the relatively small amount of visceral fat is not a major contributor to overall FFA release or delivery to the liver (11) . In addition, no human studies have shown that FFA levels in portal blood are higher than those in the peripheral circulation.
The link to ectopic fat accumulation
Why, then, does an abdominal adipose tissue distribution mirror metabolic risk?
As is frequently the case, the mechanisms that support this relationship are intricate and complex, and abdominal adipose tissue distribution is now considered merely a marker of these underlying mechanisms.
Several large prospective studies indicate that subcutaneous adipose tissue is the largest and least metabolically harmful storage site of excess fat. For example, the large prospective Dallas Heart Study found that ectopic fat accumulation, rather than the amount of subcutaneous fat, predicts future development of T2D (12) . Other detailed studies have shown that increased visceral/intra-abdominal fat is a marker of increased ectopic fat in other sites, such as the liver and the heart (13); therefore, abdominal fat distribution can now be considered a marker of ectopic fat in many sites. Moreover, these studies support ectopic fat, and not subcutaneous fat, as the driver of metabolic complications. It remains to be determined whether metabolic complications arise as a result of accumulation of ceramide or other lipids, such as diacyl glycerol, that are associated with mitochondrial dysfunction (14) . Subsequent studies have shown that individuals with a preponderance of abdominal fat and a large waist circumference are characterized by both increased visceral/ intra-abdominal fat and expanded (hypertrophic) subcutaneous adipose cells, combined with dysfunctional and inflamed adipose tissue (15) . Moreover, there is a direct correlation between waist circumference and subcutaneous adipose cell size (16) (Figure 1 ). The expansion of the subcutaneous cells is a consequence of the limited ability of this tissue to recruit new adipose cells (17) , leading to dysfuncwe submitted to the JCI in August of 1982. By analyzing such a large group of obese men and women, we could make a clear case that "men and women with a male abdominal type of obesity are more susceptible to the effect of excess body fat on lipid and carbohydrate metabolism" (7) . The concept that individuals with abdominal obesity are more susceptible to metabolic dysfunction has since become textbook knowledge.
In our JCI study, we used waist/hip circumference as a marker of relative abdominal fat distribution, and this measure has since been determined to be a better marker of future cardiovascular disease (CVD) and type 2 diabetes (T2D) risk than BMI. Moreover, J.-P. Després and colleagues in Quebec have expanded on this concept and characterized future risk for CVD and diabetes by measuring waist circumference and relating it to BMI (9). This combinatorial approach revealed that a large waist circumference increases the future risk of CVD and diabetes by two-to three-fold for a given BMI (9) .
There has been an extensive effort to try to understand the mechanisms by which regional abdominal fat distribution, irrespective of the total amount of body fat, leads to metabolic complications. One proposed concept (the portal hypothesis) emphasized the importance of visceral/intra-abdominal fat itself, rather than subcutaneous fat, and was based on venous drainage of visceral/intra-abdominal fat into the portal circulation and the finding that high free fatty acid (FFA) levels antagonize the effect of insulin in the liver by reducing receptor-related uptake and signaling (10) . Subsequent work has since challenged the portal hypothe- 
